The pathways leading to male germ cell apoptosis in vivo are poorly understood, but are highly relevant for the comprehension of sperm production regulation by the testis. In this work, we show the evidence of a mechanism where germ cell apoptosis is induced through the inactivation and shedding of the extracellular domain of KIT (c-kit) by the protease TACE/a disintegrin and metalloprotease 17 (ADAM17) during the first wave of spermatogenesis in the rat. We show that germ cells undergoing apoptosis lacked the extracellular domain of the KIT receptor. TACE/ADAM17, a membrane-bound metalloprotease, was highly expressed in germ cells undergoing apoptosis as well. On the contrary, cell surface presence of ADAM10, a closely related metalloprotease isoform, was not associated with apoptotic germ cells. Pharmacological inhibition of TACE/ADAM17, but not ADAM10, significantly prevented germ cell apoptosis in the male pubertal rat. Induction of TACE/ADAM17 by the phorbol-ester phorbol 12-myristate 13-acetate (PMA) induced germ cell apoptosis, which was prevented when an inhibitor of TACE/ADAM17 was present in the assay. Ex-vivo rat testis culture showed that PMA induced the cleavage of the KIT extracellular domain. Isolation of apoptotic germ cells showed that even though protein levels of TACE/ADAM17 were higher in apoptotic germ cells than in nonapoptotic cells, the contrary was observed for ADAM10. These results suggest that TACE/ADAM17 is one of the elements triggering physiological germ cell apoptosis during the first wave of spermatogenesis.
Introduction
Cell survival and apoptosis are tightly regulated by a myriad of signals to determine the faith of a cell. Inhibition of the survival signaling of tyrosine kinase receptors such as KIT (c-kit) tilts the balance toward apoptosis (BlumeJensen et al. 2000 , Kissel et al. 2000 , Yan et al. 2000 , Bedell & Mahakali Zama 2004 . In the testis, an inactivating point mutation at the intracellular domain of KIT blocking the binding of phosphoinositide-3-phosphate kinase induces germ cell apoptosis and leads to infertility (Blume-Jensen et al. 2000 , Kissel et al. 2000 . In addition, genetic evidence from the mouse testis suggests that inactivation of KIT signaling is linked to apoptosis mediated by the expression of FAS, a type I transmembrane receptor belonging to the tumor necrosis factor (TNF)/nerve growth factor receptor family (Sakata et al. 2003 , Lizama et al. 2007 . In humans, associations between polymorphisms in the KIT gene and idiopathic infertility have also been found (Galan et al. 2006) . Even though the importance of KIT in male germ survival is well documented, it is unknown whether KIT inactivation forms part of the mechanism involved in physiological germ cell apoptosis. Even more, it is unknown whether in vivo processing of KIT leads to apoptosis.
Several type 1 surface receptors with a single transmembrane domain, including receptors for TNF and epidermal growth factor (EGF), can be physiologically blocked by proteolytic processing of their extracellular ligand-binding domain (Blobel 2005) . A family of transmembrane metalloproteases known as 'a disintegrin and metalloprotease' (ADAM) proteins is a key component in protein ectodomain shedding (Huovila et al. 2005) . ADAMs play a key role in diverse biological processes such as fertilization, myogenesis, neurogenesis, heart development, and endothelial permeability, mainly by regulating paracrine/juxtacrine cell-to-cell communication (Seals & Courtneidge 2003 , Blobel 2005 . ADAMs are type 1 transmembrane proteins of w70-90 kDa (mature proteins; the unprocessed precursors are about 20 kDa heavier due to their prodomain). They feature a common modular ectodomain structure, encompassing (counting from the membrane) a variable stalk region; a cysteine-rich domain that can interact with cell surface proteoglycans and in some cases also contains a fusion peptide sequence; a disintegrin domain binding to integrinclass cell-adhesion molecules; a zinc-binding metalloprotease domain; and a prodomain that is cleaved off in the trans-Golgi network by protein convertases (Seals & Courtneidge 2003 , Blobel 2005 . The TNF-a convertase (TACE or ADAM17) was the first member of this family, for which a role in ectodomain shedding was found. The role of TACE/ADAM17 in the shedding of tyrosine kinase receptors, such as the EGF receptor (EGFR), has been distinctively confirmed through the analysis of knockout mice (Blobel 2005) . This type of evidence has indicated that TACE/ADAM17 can also process the ectodomain of several membrane-bound EGFR ligands such as neuregulin and EGF (Sahin et al. 2004) . ADAM10 is another member of this family of proteases, which has been thoroughly studied since it has been shown to be involved in the shedding of key developmental regulatory proteins such as EGFR, NOTCH receptor, pro-TNF-a, and the amyloid precursor protein (Huovila et al. 2005) .
The most straightforward mode of ADAM action is the constitutive shedding of a membrane substrate by cleaving a site in its juxtamembrane region (Seals & Courtneidge 2003 , Blobel 2005 . In a given cell type, certain ADAMs may participate in constitutive shedding while others in stimulated shedding; an example of the latter is the shedding of EGFR mediated by the phosphorylation of TACE/ADAM17 and induced by transforming growth factor-b (Wang et al. 2008) . In addition, ADAM10 and TACE/ADAM17 can be induced to shed different ligands when cells are treated with phorbol 12-myristate 13-acetate (PMA), suggesting a role for protein kinase C (PKC) in the activation of these enzymes (Huovila et al. 2005) . Although ADAM1 and ADAM2 were first discovered in the testis and have relevance in fertilization, no further studies exist on the role of ADAMs and ectodomain processing by ADAMs 17 or 10 in testis physiology (Tousseyn et al. 2006) . During spermatogenesis, a tight coordination of growth and differentiation exists, which is brought about by growth factors and cytokines produced and released by germ cells and Sertoli cells; the latter are somatic cells present within seminiferous tubules and are involved in the homeostasis of germ cells (Yan et al. 2000 , Skinner 2005 , Kassab et al. 2007 , Perrard et al. 2007 . Taken together, these precedents suggest that ADAM proteases could have an important role in controlling the processing and release of signaling molecules, and mammalian spermatogenesis provides an excellent model to study paracrine/juxtacrine signaling.
Spontaneous death of germ cells induced by both physiological and environmental signals is a wide spread, but little understood phenomenon that occurs in the testes of many species (Billig et al. 1995) . Early after birth, the first round of spermatogenesis is characterized by a massive wave of apoptosis, which is believed to be fundamental for the establishment of a proper interaction between germ cells and sperm production (Billig et al. 1995 , Jahnukainen et al. 2004 , Moreno et al. 2006a , Zheng et al. 2006 . It has been shown that this massive wave of apoptosis peaks at 25 days after birth in the rat, affecting mainly germ cells in meiosis (pachytene spermatocytes). These cells show caspase-8, -9, -3, -6, and -2 activation, along with an upregulation of FAS receptors and the transcription factor p53 (Lizama et al. 2007 ). However, the mechanisms inducing germ cell apoptosis are still unknown.
Signaling of the tyrosine kinase receptor KIT is fundamental for germ cell survival during mammalian spermatogenesis. The activated receptor becomes autophosphorylated at tyrosine residues that serve as docking sites for signal transduction molecules containing SH2 domains. KIT activates AKT, SRC family kinases, phosphatidylinositol 3-kinase, phospholipase-g, and RAS/MAP kinases (Roskoski 2005) . In vivo blocking of the interaction of KIT with its ligand stem cell factor (SCF), produced by the Sertoli cell, leads to a massive increase in germ cell apoptosis (Vincent et al. 1998 , Yan et al. 2000 . We hypothesized that during spermatogenesis, extracelullar domain shedding of KIT could lead to an impairment of its intracellular signaling promoting germ cell survival, which would promote apoptosis.
The aim of this work was to evaluate whether KIT extracellular domain shedding induced by TACE/ADAM17 is associated with germ cell apoptosis during the first wave of spermatogenesis in the rat.
Results

TACE/ADAM17 is present in germ cell and participates in apoptosis
Apoptosis is a well-known process but poorly understood process in mammalian spermatogenesis. To further elucidate this process, seminiferous tubules of 25-day-old rats were chosen because of the highest number of apoptotic cells observed at this age, the product of the massive wave of germ cell death during the first wave of spermatogenesis (Billig et al. 1995 , Rodriguez et al. 1997 , Jahnukainen et al. 2004 , Moreno et al. 2006a , Codelia et al. 2008 . To determine whether apoptotic cells posses the extracellular domain of KIT, we performed immunohistochemistry of paraffinembedded testis slides. The antibody ACK2, directed against the extracellular domain of KIT, labeled only 21G4% of apoptotic (pycnotic) cells (Fig. 1A , red arrowheads). On the contrary, an antibody directed against the intracellular domain of KIT labeled 81G4% of the apoptotic cells (Fig. 1B) . Activation of KIT in the testis was assessed by immunohistochemistry using a 306 C Lizama, D Rojas-Benítez and others phospho-specific antibody to detect phosphorylation of KIT at Tyr719, located in the intracellular kinase domain of the receptor. Interestingly, most of the apoptotic cells (99G5%) did not show any staining when using an antibody against phopho-KIT (Fig. 1C) .
Previously, we showed that germ cells undergoing apoptosis are characterized by an upregulation of FAS receptor levels, allowing separation (for details see Materials and Methods). Western blots of FAS (K) protein extract showed two bands of around 120-140 kDa, corresponding to the molecular weight of KIT (Fig. 1D) . These two bands appear due to the presence of two different glycosylated isoforms of KIT (Ronnstrand 2004) . FAS (C) cells also showed these bands, although they were significantly less intense than in FAS (K) cells ( Fig. 1D and E ). An additional band around 60 kDa was detected in FAS (C) cells, which was significantly more intense than in FAS (K) cells ( Fig. 1D and E, KIT (n-t)). Since the antibody recognized the intracellular domain of KIT (N-terminal), we hypothesized that the 60-kDa band is a fragment containing the intracellular and the transmembrane domain, which result from shedding of the extracellular domain of KIT in apoptotic germ cells. As an alternative procedure, we evaluated whether apoptotic cells, as determined by flow cytometry, were devoid of the extracellular domain of day-KIT. Results showed that in a cell suspension of a 25-old rat testis, almost 26% of cells were sub-G 1 (apoptotic cells), and 56% were positive for KIT ( Fig. 2A and B) . When we analyzed only the sub-G 1 cell population, we observed that a small fraction of these cells (24G3%) had the extracellular domain of KIT ( Fig. 2C and D) . Mammalian testes have different cell populations with different amounts of DNA, among which are haploid spermatids. Since these cells only have half the amount of DNA of other cell types, we wondered whether they could account for the sub-G 0 population observed in control animals. We isolated both pachytene (meiotic cells) and haploid spermatids, and analyzed them by flow cytometry. Results showed that purified pachytene cells presented a homogeneous population (see Supplementary Figure 1B , see section on supplementary data given at the end of this article). On the contrary, purified haploid cells showed a sharp single peak in a region different from sub-G 1 cells (see Supplementary Figure 1C ). Therefore, the events observed in 25-day-old rat cells indeed correspond to sub-G 0 cells, probably both pachytene and spermatogonia in apoptosis. Next, we used confocal microscopy to determine whether TUNEL-positive cells KIT (ACK2) . Note that many spermatogonia and spermatocytes were heavily stained. Some pycnotic cell lacked this label (white arrowheads), but others show an intense brown color (red arrowheads). (B) Immunohistochemistry against the KIT intracellular domain shows that many spermatogonia and spermatocytes, as well as pycnotic (apoptotic) cells, were heavily stained with this antibody (red arrowheads). (C) Immunohistochemistry against the phosphorylated intracellular domain of KIT, staining was absence in pycnotic (apoptotic) cells (arrowheads). Bars 100 mm. The graphs represent the proportion of pycnotic cells presenting (C) or not presenting (K) staining against the extracellular or intracellular portion of KITor phospho-KIT respectively. Values were determined by counting a total of 300 cells, for each antibody in three different rats. ***P!0.001. (D) Apoptotic (FAS (C)) and nonapoptotic cells (FAS (K)) were isolated from 25-day-old rat seminiferous tubules, and the presence of KIT was analyzed by western blot. Full length KIT was found predominantly in FAS (K) cells. On the contrary, a processed form of KIT containing the intracellular (N-terminal) domain, KIT (n-t), was found predominantly in FAS (C) cells. Golgi protein of 160 kDa (GP160) was used as a loading control. (E) Quantification of KIT (full-length protein) and the 60-kDa fragment (KIT (n-t)) in FAS (C) (black bars) and FAS (K) (white bars) cells. Graphs show the intensity of each band relative to GP160 as a loading control. nZ3, *P!0.5; **P!0.01. Extracellular proteases of the ADAM family are involved in the shedding of the extracellular domains of different transmembrane receptors. Furthermore, in cultured mast cells, TACE/ADAM17 has been reported to process KIT (Huovila et al. 2005) . For this reason, we decided to investigate the role of TACE/ADAM17 and ADAM10 in germ cell apoptosis. The histology of 25-day-old rat testis showed mitotically dividing spermatogonia at the basal membrane and meiotic spermatocytes toward the lumen (Fig. 3A) . Only a few seminiferous tubules showed haploid round spermatids, but elongating spermatids or spermatozoa will appear later in testis development. Immunohistochemistry for ADAM10 showed a cytoplasmic distribution in pachytene spermatocytes lining in the second and/or third tier in seminiferous tubules (Fig. 3A arrowheads) . Immunohistochemistry for TACE/ADAM17 showed a faint homogeneous expression in all cells within the seminiferous tubules, as well as in Leydig cells (Fig. 3B) . However, apoptotic (pycnotic) cells showed a strong labeling using this antibody ( Fig. 3B 0 , red arrows). Interestingly, most of the apoptotic cells, as evaluated by histology, were devoid of ADAM10 staining (Fig. 3A 0 ) while nonapoptotic spermatocytes in the contiguous tubule, or in the same tubule, were strongly stained. In fact, 83G11% of apoptotic cells lacked the expression of ADAM10 (Fig. 3C ). On the contrary, most of the apoptotic cells (89G17%) showed a strong expression of TACE/ADAM17 (Fig. 3D) . No staining was observed in control samples where the primary antibody was absent ( Fig. 3A 00 and B 00 ). Immunoblotting using an anti-TACE/ADAM17 showed an intense band of FAS (C) cells, which was significantly higher than in FAS (K) cells ( Fig. 4A and C) . On the contrary, ADAM10 western blotting resulted in a band that was strong in FAS (K) and was not detected in FAS (C) cells ( Fig. 4A and C) . The mRNA levels of the two studied proteins were similar in FAS (C) and FAS (K) cells ( Fig. 4B and D) . The immunoblots and immunohistochemistry suggest that germ cell apoptosis is associated with an upregulation of TACE/ADAM17 and the absence of KIT extracellular domain.
Next, we investigated whether pharmacological inhibition of ADAM17 or ADAM10 could prevent the increase in apoptotic germ cells observed in 25-day-old rats. Intratesticular injection of different inhibitors, such as caspase or calpain inhibitors, is a procedure that has been used successfully in pubertal rat testes to determine the role of specific enzymes in germ cell apoptosis (Castanares et al. 2005 , Zheng et al. 2006 , Codelia et al. 2008 . All these reports have shown successful drug delivery inside seminiferous tubules. Two different inhibitors for ADAMs had been described before this work, GI254023X and GW280264X, which specifically block the activity of ADAM10 and TACE/ADAM17 respectively (Ludwig et al. 2005 , Schulte et al. 2007 ). We injected these inhibitors independently in the testes of 24-day-old rats and evaluated apoptosis 24 h after, when rats were 25 days old. Intratesticular injection of 1 mM ADAM10 inhibitor (GI254023X) did not modify the number of apoptotic cells, as compared with the control testes (Fig. 5B) . However, intratesticular injection of 50 or 100 mM of this inhibitor (196 or 392 ng/testis respectively) induced a significant increase in the number of apoptotic germ cells as compared with controls ( Fig. 5A and B, *P!0.05). TACE/ADAM17 (GW280264X) inhibitor at 1-mM concentration (5.76 ng/testis) reduced the number of germ cells in apoptosis, but this result was not statistically significant ( Fig. 5C ). Higher concentrations, i.e. 50 or 100 mM (288 or 596 ng/testis respectively) of the ADAM17 inhibitor, did significantly reduce the number of apoptotic germ cells ( Fig. 5A and C) . Similar results were observed with TAPI-0 (data not shown).
Our results show that TACE/ADAM17 is expressed in germ cells undergoing apoptosis, and that its pharmacological inhibitor prevented physiological apoptosis during the first wave of spermatogenesis. On the other hand, ADAM10 seems to be related with survival or processes different from apoptosis in spermatogenesis.
Induction of TACE/ADAM17 induces germ cell apoptosis
To determine whether induction of TACE/ADAM17 by PMA induces germ cell apoptosis in vivo, 21-day-old rat testis were used because of the low rate of apoptosis, allowing the simple quantification of any increase in apoptosis. PMA-induced germ cell apoptosis in a concentration-dependent manner starting at 1 mM ( Fig. 6A and B) . Germ cell apoptosis increased at 12 h, and then peaked at 24 h after 5-mM PMA treatment (Fig. 6C) . Histological examination of treated testis showed that apoptotic cells were identified as spermatocytes, according to their position in the seminiferous epithelium (Fig. 7A) . Intratesticular injection of 5-mM PMA induced a significant increase in the number of pycnotic cells (Fig. 7A and B) . In addition, 5-mM PMA increased the number of apoptotic germ cells almost four times as evaluated by flow cytometry (Fig. 7C) . In total, 500-nM TAPI-0, a well-known TACE/ADAM17 inhibitor, was able to prevent the increase in the apoptotic index and the number of germ cells in apoptosis as evaluated by flow cytometry (Fig. 7A-C) . To establish whether PMA induces the upregulation of TACE/ADAM17 and KIT extracellular shedding from apoptotic germ cells, as is observed under physiological conditions, we performed immunohistochemistry against the different proteins, and then quantified the results as described in Materials and Methods. Results showed that 82G2.3% of apoptotic cells lacked the extracellular domain of KIT (Fig. 8A) . On the contrary, 80G1.8% of apoptotic cells showed the intracellular domain, but only 6G3.1% of apoptotic cells stained positively for phosphorylated (active) KIT (Fig. 8A) . Most of the apoptotic cells (89G1.5%) lacked ADAM10, but 83G1.8% showed the expression of TACE/ADAM17 (Fig. 8B ). Even more, we found that 5-mM PMA induced an increase in the levels of TACE/ADAM17 at the cell surface as evaluated by flow cytometry (Fig. 8B) . Finally, we studied whether PMA effectively induces the processing of the extracellular domain of KIT. To this end, we isolated pachytene spermatocytes, and cultured them with or without 5 mM PMA. Results showed that after 2 h of incubation, a band of around 60 kDa of KIT (cleaved form) was observed only in those spermatocytes cultured in the presence of PMA (Fig. 9A) . Additionally, a similar result was observed when a testis fragment was used instead of isolated spermatocytes (Fig. 9B ).
Discussion
In this work, we have provided evidence indicating that TACE/ADAM17 plays a role in inducing germ cell apoptosis through its participation in the extracellular domain shedding of KIT. This is the first report that shows the involvement of TACE/ADAM17 in apoptosis in vivo, and that provides a new molecular mechanism to regulate mammalian spermatogenesis. Despite the fact that KIT is involved in germ cell survival, its role during normal germ cell apoptosis has not been previously determined. Our results were obtained using a new model of germ cell apoptosis, which allows its study under normal and pathological conditions. We used four different experimental approaches (immunohistochemistry, immunofluorescence, western blotting, and flow cytometry) to show that apoptotic germ cells lack the extracellular domain of KIT. Interestingly, apoptotic germ cells have the intracellular domain of KIT unphosphorylated (inactive), which strongly suggests that ectodomain shedding inhibits and/or prevents the activation of the intracellular survival pathway elicited by KIT. We do not know whether shedding of the KIT extracellular domain occurs before or during ligand binding, but we hypothesize that the intracellular survival signaling pathway induced by this receptor is shut down in apoptotic cells. Previously, it has been shown in cell lines that pharmacological inhibition of survival pathways leads to apoptosis induction (Levy et al. 2009 ). Therefore, we proposed that KIT extracellular shedding is a signal that leads to apoptosis induction under physiological conditions.
A previous report have shown that the extracellular domain of KIT is shed by TACE/ADAM17 in human embryonic kidney cells (Cruz et al. 2004) , but a similar action has not been documented for ADAM10 or any other extracellular protease (Huovila et al. 2005) . Our results link KIT extracellular domain shedding to apoptosis under in vivo conditions. Interestingly, TACE/ADAM17 was homogeneously distributed in testes from 25-day-old rats, but was significantly increased in apoptotic cells, as evaluated by immunohistochemistry and western blot. During this study, we performed immunofluorescence studies in order to colocalize ADAM proteins and with apoptotic cells, as determined by the TUNEL assay, but in our hands the available antibodies against ADAM17 or ADAM10 did not give a signal strong enough to allow their detection. Even though the identification of apoptotic cells by bright field microscopy is not a widely used procedure, our own studies have shown that pycnotic germ cells in pubertal rat testis are easily identified, and they show several bona fide apoptosis markers (Moreno et al. 2006a , Ortiz et al. 2009 ). Our results are suggestive that mRNA levels of TACE/Adam17 are similar in apoptotic and nonapoptotic cells, but they need to be further confirmed by quantitative PCR. In order to differentiate the differential contribution of TACE/ADAM17 and ADAM10, we used two different inhibitors for ADAMs, GI254023X and GW280264X, which specifically block the activity of ADAM10 and TACE/ADAM17 respectively PMA 10 µM . Purified TACE/ ADAM17 shows a IC 50 of 8 nM for GW280264X, as compared with TAPI-0, a classical TACE/ADAM17 inhibitor, which has an IC 50 of 100 nM (Mullberg et al. 1995 , Hundhausen et al. 2003 , Ludwig et al. 2005 . However, previous studies have used 3-mM GW280264X to specifically inhibit TACE/ADAM17 extracellular shedding receptor/ligands in cell cultures (Abel et al. 2004 , Arduise et al. 2008 . In this study, we observed a significant inhibition of germ cell apoptosis with a 10-ml intratesticular injection of a solution containing 50 mM GW280264X. Previous studies have indicated that 25-day-old rat testes have a volume around 150 ml (Zhengwei et al. 1990 ), thus assuming homogeneous distribution, the final concentration of the inhibitor is 300 nM, which is even less than those used in cultured cells. Even more, an important reduction of germ cell apoptosis was observed using an injection of a solution containing 1 mM of inhibitor (6.6 nM final intratesticular), which is lower than the IC 50 reported using the purified enzyme, that explains the important, but non statiscally significant reduction observed under this condition. Interestingly, induction of TACE/ADAM17 by PMA promotes the processing of KIT and germ cell apoptosis. PMA has been widely used as an inductor of shedding activity in different cell lines. The mechanisms underlying TACE/ADAM17 activity could involve in the activation of p38 MAPK, ERK1/2 and PKC (Blass et al. 2002 , Tang et al. 2002 . In fact, TACE/ADAM17 has been shown to be phosphorylated by ERK at threonine 735, which is associated with PKC-regulated NTRK1(TrkA) cleavage (Diaz- Rodriguez et al. 2002) . Interestingly, the percentage of apoptotic cells expressing TACE/ADAM17 under physiological conditions and after PMA treatment was almost identical, suggesting similar signaling in both situations. Our results indicate that PMA-induced germ cell apoptosis was mediated by TACE/ADAM17 since TAPI-0 was able to prevent this effect at concentrations close to the IC 50 reported in other systems, suggesting that this inhibitor was effectively blocking TACE/ADAM17 activity. In addition, pharmacological inhibition of TACE/ADAM17 prevented physiological germ cell apoptosis in 25-day-old rats, which strengthens the idea that physiological and PMA-induced apoptosis are driven by TACE/ADAM17 activation. These findings agree with previous data indicating that compared with wild-type mast cells, cells harboring a catalytically inactive TACE/ADAM17 had a decreased constitutive shedding and an increased basal surface expression of KIT, with diminished apoptosis in response to KIT ligand deprivation (Cruz et al. 2004) . Our data support the hypothesis that TACE/ADAM17 activity is required during germ cell apoptosis. Mice harboring an inactive form of TACE/ADAM17 die early in development, prohibiting the study of spermatogenesis (Blobel 2005 , Huovila et al. 2005 . However, it has been recently shown that male mice harboring a tissue-specific conditional inactivation of TACE/ADAM17 driven by a SOX9 promoter show a subfertile phenotype during adulthood (Horiuchi et al. 2009 ). These results suggest that TACE/ADAM17 could have an important role in mammalian spermatogenesis and male fertility. In addition, our results support the hypothesis that upregulation of TACE/ADAM17 is an important step in triggering germ cell apoptosis. ADAM10 was mainly detected in nonapoptotic ((FAS (K)) cells and only barely in apoptotic (FAS (C)) cells. In accordance with this data, immunohistochemistry showed that this enzyme was mostly localized in the cytoplasm of pachytene spermatocytes, and only around 30% of apoptotic (pycnotic) cells showed a marked expression of this enzyme (Fig. 3A and B) . Curiously, pharmacological inhibition of ADAM10 induced a significant increase in the number of apoptotic cells, which is contrary to the effect observed with the TACE/ADAM17 inhibitor. This result suggests that the inhibition of ADAM10 elicits apoptotic signals in the rat testis. Recently, it has been shown that ADAM10 regulates surface expression of FAS ligand (FASL) by inducing the shedding of its extracellular domain (Schulte et al. 2007) . We have shown that activation of the FAS receptor and the extrinsic pathway of apoptosis are relevant in naturally occurring apoptosis in 25-dayold rat testes (Lizama et al. 2007) . It therefore seems possible that ADAM10 inhibition increases the half-life of FASL at the Sertoli cell surface, resulting in a juxtacrine signal that elicits apoptosis in germ cells. On the other hand, ADAM10 has been shown to be the sheddase of several growth factors involved in germ cells survival, such as TNF, EGF, or NOTCH, all of them present in the testis (Hayashi et al. 2001 , von Schonfeldt et al. 2004 , Mezyk-Kopec et al. 2009 , Yao et al. 2009 ). Alternatively, the inhibition of ADAM10 activity may prevent other autocrine/paracrine regulation processes leading to germ cell apoptosis. Further studies are necessary to fully understand the role of ADAM10 in spermatogenesis.
We have previously shown that germ cell apoptosis during the first wave of spermatogenesis is associated with an upregulation of FAS, a death receptor involved in the extrinsic pathway of apoptosis (Lizama et al. 2007) . We have shown that they express several apoptosis marker which strongly suggest that they are indeed in the process (Lizama et al. 2007 , Vergara et al. 2010 . Whether or not all apoptotic spermatogenic cells are FAS positive remains controversial, and it is possible that more than one cell death pathway could take place in germ cells. In fact, the role of the FAS-FASL system in male germ cell apoptosis has been controversial, since inactivating mutations of these proteins do not seem to have an effect on spermatogenesis. Our own studies have shown that the upregulation of FAS and caspase-8 activation is an important step to trigger germ cell apoptosis in pubertal rat testis. In this context, it is possible that under the condition where the FAS-FASL system is inactive, other signaling pathways take over A B Figure 9 Phorbol ester (PMA) induces KIT processing in germ cells. Isolated spermatocytes (A) or testes fragments (B) were cultured for 2 h in KHB-lactate medium alone or in the presence of 5-mM PMA or vehicle (0.001% DMSO). Full-length KITor its processed form (n-t) was detected by western blot using an antibody against the N-terminal domain.
ADAM17/TACE in germ cell apoptosis 313 www.reproduction-online.org Reproduction (2010) 140 305-317 this process. Germ cells can elicit both the extrinsic and intrinsic pathway (Moreno et al. 2006a , Lizama et al. 2007 , Codelia et al. 2008 , but it remains to be determined if germ cell apoptosis under physiological and pathological conditions use similar or different mechanisms. Even though no phenotype is observed in mice harboring inactivating mutations in FAS and FASL, the literature shows a genetic link between germ cell apoptosis induced by KIT inactivation and the extrinsic pathway of apoptosis induced by FAS (Sakata et al. 2003) . It has also been shown that blocking FASL in vitro prevents germ cell apoptosis and seems important for germ cell apoptosis in Sertoli cell-only patients (Pentikainen et al. 1999 , Kim et al. 2007 . We propose that TACE/ADAM17 activation leads to the shedding of the KIT extracellular domain, thereby inhibiting survival signals, which in turn will induce apoptosis and FAS upregulation. Thus, our results show that shedding of extracellular KIT domain by ADAM17 is one of the elements triggering physiological germ cell apoptosis during the first round of spermatogenesis. It remains to be discovered whether the activation of TACE/ADAM17 is involved during germ cell apoptosis in adult rats or after insults such as temperature, hormone deprivation, or DNA-damaging agents.
Materials and Methods
Animals
In order to induce apoptosis in germ cell, we choose male Sprague-Dawley rats of 21 days old because they have almost undetectable levels of apoptosis. To study the physiological apoptosis, we used male Sprague-Dawley rats that were 25 days old because it has been shown that they have a high rate of apoptosis at this age. ADAM protease inhibitors were used in 24-day-old rats, in this way we allowed them to work for 24 h, and their effect was assayed in 25-day-old rats. Animals were acquired from the Animal Facility of our Faculty. The rats were housed under a 12 h light:12 h darkness cycle, and provided with water and rat chow ad libitum. The rats were killed by cervical dislocation after exposure to CO 2 for 30 s. 
Chemicals and antibodies
Rabbit polyclonal antibodies against intracellular KIT and TACE/ADAM17 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The rat polyclonal antibody against 719) was purchased from Cell Signaling (Danvers, MA, USA). The monoclonal mouse antibody against actin was purchased from Sigma, and the mouse MAB against ADAM10 was purchased from Santa Cruz Biotechnology. Anti-b-KIT extracellular domain (ACK2) was purchased from Millipore (Billerica, MA, USA). The rabbit polyclonal antibody against phospho rabbit and anti-KIT (Tyr-mouse UltraVision Detection Systems were obtained from LabVision (Fremont, CA, USA). Anti-Golgin160 was prepared as previously described (Moreno et al. 2006b ). PMA and TAPI-0 were purchased from Merck. The GI254023X and GW280264X inhibitors were synthesized as described before (Ludwig et al. 2005 , Schulte et al. 2007 . PMA, TAPI-O, GI254023X, or GW280264X were first dissolved in DMSO and stored a 4 8C. Working solutions were made by diluting the stock solution in the proper volume of PBS (see below).
Spermatocyte separation with a discontinuous density gradient
Prepubertal male rats of 24-day-old were killed by cervical dislocation, and both testes were extracted, decapsulated, and digested with 0.5 mg/ml collagenase I (Sigma) and 0.4 mg/ml DNase (Sigma) for 15 min at 30 8C in a modified KrebsHenseleit buffer (KHB) medium containing 0.141 g/l magnesium sulfate (Anhydrous), 0.16 NaH 2 PO 4 , 0.35 g/l KCl, and 6.9 g/l NaCl supplemented with 5 mM L-lactate (Sigma) (KHBlactate) and 0.5 mg/ml collagenase I. Seminiferous tubules were washed three times in KHB-lactate medium, and cells were mechanically disintegrated by continuous pipetting in KHB solution containing 0.4 mg/ml DNase. The cell suspension was filtered through a nylon membrane of 250 and 70 mm (Small Parts) and subsequently washed once in KHB-lactate medium. Spermatocytes were resuspended in 1.5 ml of KHBlactate containing 0.2 mg/ml DNase and 0.7% of BSA. Then, spermatocytes were purified through a Percoll gradient (Van Pelt et al. 1996) . Briefly, an iso-osmotic Percoll suspension was prepared containing 90% Percoll in KHB-lactate. A discontinuous density gradient was made by diluting the iso-osmotic Percoll suspension with KHB-lactate containing 0.2 mg/ml DNAase and 0.7% of BSA. The percentages of Percoll were from top to bottom -10, 20, 25, 30, and 40%. The cell suspension was layered on top of the gradient in 500 ml KHB-lactate containing 0.2 mg/ml DNase and 0.7% of BSA. The gradient was centrifuged at 800 g for 30 min at 18 8C. Cells collected at the interphase 25-30% were identified as spermatocytes with a 75% of purity. Contaminant cells were mostly Sertoli and fibrolast-like cells (probably myoid cells).
Tissue culture
Isolated testes from 21-day-old rats were decapsulated and cut into three sections of equal size, and then cultured in KHBlactate medium. Then, they were cultured for 2 h in the presence of medium alone, 0.01% DMSO (Vehicle) or 5 mM PMA.
Intratesticular injections
Pubertal rats of 24-day-old were anesthetized with ketamine: xylacine (1 and 75 mg/kg) i.m. The testes were exteriorized through a low midline incision. Ten microliters of a TAPI-0 solution, 1-100 mM ADAM inhibitors or 0.1-100 mM PMA 314 C Lizama, D Rojas-Benítez and others dissolved in PBS were injected in the testes via a 30-G needle. Following drug delivery, the testes were returned to the peritoneal cavity, and the incision was closed. In each experiment, one testis was used for histology and the other was used for biochemical assays. As a control, PBS was injected into the testes. Three different rats were used for all experiments, and they were killed 24 h after injection.
Histology
Testes were fixed in Bouin's solution and embedded in paraffin. Sections were counterstained with periodic acid-Schiff and hematoxylin in order to visualize pycnotic cells. We have previously shown that pycnotic germ cells express apoptotic markers such as active caspase-3 and stain positively for TUNEL (Moreno et al. 2006a ).
Immunohistochemistry
ADAM proteins were localized in paraffin embedded crosssections of rat testis fixed in 4% paraformaldehyde (PFA). The samples were first treated with 3% H 2 O 2 in PBS, for 5 min, then, to prevent unspecific binding, a solution containing 4% BSA in PBS was applied for 5 min. Primary antibody against the KIT extracellular domain (2.5 mg/ml), the KIT intracellular domain (2 mg/ml), TACE/ADAM17 (2 mg/ml), or ADAM10 (2 mg/ml) were dissolved in 4% BSA-PBS, and the solution was applied and incubated overnight at 4 8C in a humidified chamber after being washed twice for 5 min in a Tris-HCl buffer, pH 7.6, with 0.3 M NaCl and 0.1% Tween 20. Biotinylated secondary antibody, streptavidin-biotinylated peroxidase complex, amplification reagent (biotinyl tyramide), and peroxidase-conjugated streptavidin were applied step-by-step for 15 min each. Afterwards, incubation slides were washed twice in a buffer for 3 min each. Finally, a substrate-chromogen solution consisting of concentrated Tris-HCl and 0.8% H 2 O 2 (substrate) and 3,3-diaminobenzidine tetrahydrochloride (DAB) solutions (chromogen) were applied for 5 min and washed in distilled water. Samples were observed under a phase contrast microscope (Optiphot-2; Nikon, Tokyo, Japan) and photographed with a digital camera (CoolPix 4500, Nikon).
TUNEL analysis
Apoptotic fragmentation of DNA in histological sections of rat testes was evaluated by TUNEL analysis (Dead End System; Promega). Standard protocols for paraffin sections were followed (Moreno et al. 2006a) . Samples were observed under phase contrast and fluorescence microscopy (Optiphot-2, Nikon) by filters for wavelengths at 460-500 nm (excitation) and 510-560 nm (barrier). Micrographs were taken with a digital camera (CoolPix 4500, Nikon). TUNEL-positive germ cells were quantified in each tissue section by counting the number of TUNEL-positive cells in each round seminiferous tubule. The apoptotic index was calculated as the average number of TUNEL-positive cells per seminiferous tubule. Three testicular histological sections were taken per rat, with a minimum of 100 randomly selected tubules in each tissue section. The data are presented as the mean (GS.D.) from three rats for each specified age. The apoptotic index was calculated as the average number of TUNEL-positive cells per seminiferous tubule cross-section as described before (Moreno et al. 2006a , Codelia et al. 2008 . Three testicular histological sections were taken per rat (three rats total), and a minimum of 100 randomly selected tubules were counted in each tissue section (a total of 900 tubules were recorded per treatment). The data represent the meanGS.D.
Immunofluorescence
Rat testes were fixed in 4% PFA and embedded in paraffin. Sections (5-7-mm thick) were cut and rehydrated. Nonspecific binding sites were blocked by incubating the sections in 2% BSA-PBS for 1 h. Tissue sections were then incubated (overnight at 4 8C in a humidified chamber) with the antibody against the KIT extracellular domain (2.5 mg/ml). The next day, the slides were washed in PBS, incubated with Alexa 488 conjugated to goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) for 1 h at room temperature, washed, and mounted with a fluorescence protector medium (VectaShield, Burlingame, CA, USA). In order to evaluate co-localization with TUNEL, samples were observed with laser scanning confocal microscopy (Pascal, Zeiss, Gö ttingen, Germany).
Protein extraction and western blot
FAS (C) and FAS (K) cells were isolated from 25-day-old rat testes as previously described (Lizama et al. 2007) . Protein extraction was performed by homogenizing isolated seminiferous tubules in buffer A (1% Triton X-100, NaCl 1 M, EDTA 1 mM, phenylmethylsulphonyl fluoride 10 mg/ml, Tris-HCl 20 mM, pH 7.0), and then centrifuged for 10 min at 9300 g. The samples were run on a 12% SDS-PAGE under reducing and denaturing conditions, and then transferred to nitrocellulose at 30 V overnight or 100 V for 1.5 h. The nitrocellulose membrane was blocked with 2% BSA in PBS, pH 7.4, and then incubated overnight at 4 8C with anti-ADAM17 (0.5 mg/ml), anti-ADAM10 (0.2 mg/ml), or anti-b-actin (0.9 mg/ml) antibodies. After extensive washing with PBS plus 0.05% Tween 20 (PBS-Tween), the membrane was incubated with a secondary antibody conjugated to peroxidase (KPL, Gaithersburg, MD, USA) diluted 1:3000 in PBS-BSA for 1 h at room temperature. Protein bands were revealed using the Super Signal West Pico chemiluminescent substrate (Pierce, Rockford, IL, USA).
Apoptosis and cell cycle analysis
Seminiferous tubules were separated by continuous pipetting in 1.5 ml KHB (plus 1% BSA) medium (2 g/l D-glucose, 0.141 g/l magnesium sulfate (Anhydrous), 0.16 NaH 2 PO 4 , 0.35 g/l KCl, and 6.9 g/l NaCl) with 15 ml of a collagenase solution (0.5 mg/ml) added. Tubuli were decanted while maintaining Leydig and blood cells suspended in the medium, which was consequently discarded. Collagenase causes the tubule walls to release germ and Sertoli cells. Using a syringe with a 21-G needle, the individual cells were further liberated. Finally, the ADAM17/TACE in germ cell apoptosis solution was filtered through a 50-mm filter. To analyze cell cycles, the cell suspension in KHB solution was pelleted, and then fixed in 70% ethanol overnight. As described by Riccardi & Nicoletti (2006) on the day of analysis, the cells were pelleted and washed once with PBS. The pellet was then dissolved in a cell cycle buffer containing 0.1% sodium citrate, 0.3% Triton X-100 (both Sigma-Aldrich Co.), 50 mg/ml propidium iodide, and 50 mg/ml RNase A (both Invitrogen Corporation) dissolved in distilled water. The samples were then analyzed within 10 min of buffer addition in a Coulter Epics XL cytometer; 10 000 gated events were acquired. All data were analyzed with software FCS express V2.0 (De Novo Software, Los Angeles, CA, USA).
RT-PCR
Total RNA of decapsulated testes was isolated using TRIzol Reagent (Invitrogen) according to the manufacturer's recommendations. Total RNA was quantified, and after confirmation of its integrity, cDNA was generated from 1 mg of RNA using random primers and SuperScript II Reverse Transcriptase (Invitrogen). The cDNA obtained was amplified by a PCR of 30 cycles using Taq polymerase (Fermentas) in 50 ml of the incubation mixture. Several primer sets were used to obtain the PCR products: Adam10 forward 5 0 -CCTACGAATGAA-GAGGGAC-3 0 and reverse 5 0 -ATCACAGCTTCTCGTGTTCC-3 0 Adam17 forward 5 0 -GTTGGTGAGCCTGACTCTA-3 0 and reverse 5 0 -CCTCTTGTGGAGACTTGA-3 0 Gapdh forward 5 0 -TCCACCACCCTGTTGCTGTA-3 0 and reverse 5 0 -ACCA-CAGTCCATGCCATCAC-3 0 . Primers were designed to have a TM of 60 8C. The mixture was incubated at 94 8C for 2 min in order to denature the DNA, then 30 cycles of 60 8C for 45 s followed by 72 8C for 1 min and 94 8C 45 s. Program was finished with 5 min at 72 8C. Aliquots of the PCR products were run in a 1% agarose gel and then stained with 0.1 mg/ml ethidium bromide. Bands obtained were analyzed by measuring the pixels with Adobe Photoshop 7.0 (Adobe System Incorporated), and normalized to Gapdh mRNA levels.
Statistical analysis
For mean comparisons, we used ANOVA. When the ANOVA test showed statistical differences, the Student-Newman-Keuls test was used to discriminate between groups. The c 2 test was used for comparison of frequencies. Statistical significance was defined as P!0.05 (Sokal 1995) .
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